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Introduction

Following the 1994 Northridge earthquake in Los Angeles, California, and the-1995 

Hyogo-ken Nanbu earthquake in Kobe, Japan, ground motion records became available 

that demonstrated the importance of deep basin structure for strong-ground motion and 

its correlation with observed damage patterns (Iwata et al, 1996; Pitarka et a/., 1996; 

Kawase, 1996; Hartzell et al, 1997; Wald and Graves, 1998; Graves et al, 1998). The U.S. 

Geological Survey Earthquake Hazards Program Five Year Plan 1998-2002 (Page et a/., 

1998) recognized the significant hazard and risk that earthquake ground motion in urban 

basins presents, and called for a workshop to choose an earthquake-prone urban basin as 

a focus for future investigations. On April 22, 1998 a workshop was held at the Menlo 

Park, California, office of the U.S. Geological Survey for the purpose of selecting an urban 

sedimentary basin to conduct 3D wave propagation and ground motion studies. That 

workshop chose the Santa Clara Valley as the primary study area and the San Bernardino 

Valley the secondary study area. These selections were later endorsed by the NEHRP 

Earthquake Program Council.

The purpose of this report is to give a brief review of our current knowledge of the 

structure of these two basins and the work that is needed to better understand the ground 

motion hazards that exist. Figures 1 and 2 show the probabilities of exceeding the current 

design criterion in a 30 year period for rock sites in the Santa Clara and San Bernardino 

Valleys, respectively (Frankel et a/., 1996). Effects of the sediment-filled basins are not 

considered. Both areas show a significant hazard, with San Bernardino being higher than



Santa Clara. The Santa Clara area, however, has a higher risk due to a greater population 

density and industrial development.

Basin Structure Information

Santa Clara

Brocher et al (1997) have developed a detailed 3D velocity model for the entire San 

Francisco Bay area. The Santa Clara Valley is a section of this model. The data used 

to construct the model come from a variety of sources: geologic considerations, seismic 

reflection and refraction, gravity inversion, water wells, and drill-hole logs. The major 

units are: 1) mantle, 2) mafic lower crust 3) basement middle crust (Franciscan complex), 

4) basement middle crust (Salinian plutonic and metamorphic), 5) Cretaceous and Tertiary 

sedimentary rocks, 6) Pliocene and Quaternary sediments. Within the basement and 

overlying units the model velocities are gradients. For the region of the Santa Clara 

Valley, the model includes a detailed surficial geologic classification as well. There is no 

topography in the model. Figures 3, 4, and 5 show the locations of water wells, USGS 

drill-holes, and refraction lines, respectively, that are available for the Santa Clara Valley, 

and have been used to construct the velocity model. The USGS drill-holes (Gibbs et a/., 

1975; 1976; 1977; 1992) are logged for P- and S-wave velocities and have depths from 30 to 

100m. Figure 6 shows the estimated depth to pre-Cenozoic basement (either Franciscan, 

coast range ophiolite, or Salinian granitic/metamorphic). Primary features are two deeper 

parts of the basin, the Cupertino Basin along the west edge of the valley and the Evergreen 

Basin along the east edge. The valley is bounded on the west by the San Andreas and



Monte Vista Faults and on the east by the Calaveras/Hayward fault system. How seismic 

waves from sources on these faults are affected by the sedimentary basin is a primary 

research objective.

A second velocity model of the area has been developed by Antolick et al (1997) and 

Larsen et al (1997). This model has been used to model the Loma Prieta earthquake 

(Antolick et al., 1998) and scenario earthquakes on the Hayward Fault (Larsen et al., 

1998).

San Bernardino

Less structural information is available for the San Bernardino basin. What is known 

is based primarily on gravity data and a few wells that reach basement. Figure 7 shows the 

depth to pre-Cenozoic basement (Pelona Schist or San Bernardino Mtns. granitic/metamophic) 

based on gravity inversion. The San Bernardino Valley is bounded by the San Andreas 

Fault on the north side and the San Jacinto and Rialto-Colton Faults on the south- side. 

Wells that reach basement are given in Table 1 (Butcher and Garrett, 1963).



Table 1

San Bernardino Well Information

Latitude

34.0735
34.0705
34.0816
34.1363
34.0740
34.0770
34.0114
34.0018
34.0576
34.0646
34.0583
34.0953

Longitude

-117.1375
-117.1287
-117.3469
-117.2729
-117.1118
-117.0796
-117.2674
-117.0994
-117.1658
-117.1400
-117.1253
-117.3959

Depth to Basement
(ft)

390.
210.
1185.
330.
200.
100.
213.
5358.
213.
470.
250.
371.

Table 2

Rialto-Colton 1000 ft Sonic Logs

Latitude Longitude

34.0914 -117.2349
34.0800 -117.2359
34.0606 -117.2238
34.0804 -117.2216
34.0559 -117.1945

One refraction line was done in the San Bernardino Valley by Hadley and Combs 

(1974) along the Santa Ana River channel. However, their interpretation of this refraction 

line is inconsistent with the gravity inversion in Figure 7. Both show the deepest part of 

the basin to be at its southwestern edge near the merging of the San Jacinto and Rialto- 

Colton Faults. Gravity, however, shows a rapidly shallowing basin to the northeast and 

the refraction line suggests the basin remains deep.



In addition, six 1000 ft holes have been drilled in the Rialto-Colton basin and sonic 

logs obtained (Table 2) (Linda Woolfenden, personal commmimication, 1998). The Rialto- 

Colton basin lies just to the west of the San Bernardino Valley (Figure 7). Water wells have 

also been used to infer geologic cross sections through the San Bernardino Valley basin 

by Izbicki et al. (1997) and Danskin et al. (1998). Initial shallow P- and S-wave velocity 

measurements have been taken in the San Bernardino Valley using the seismic refraction 

method of Williams et al. (1997). These velocity profiles are judged to be accurate to a 

depth of 30m. Figure 8 shows the sites where these measurements have been made.

Ground Motion Availability

Earthquake ground motion recordings are needed to test modeling codes, validate 

predictions of ground motion, and update our knowledge of the 3D velocity structures.

Santa Clara

Figure 9 shows the strong-ground motion stations that recorded data for three recent 

earthquakes: 1989, MW 6.9 Loma Prieta; 1984, Mz,6.2 Morgan Hill; and 1979, ML 5.8 

Coyote Lake. In addition to these mainshock records, the Loma Prieta earthquake provided 

a significant number of aftershock records in the Santa Clara Valley. Figure 10 shows the 

aftershock station locations (Mueller and Glassmoyer, 1990) in and near the valley. The 

data from many of these stations have been used to estimate local site response (Boatwright 

et al., 1991; Fletcher and Boatwright, 1991; Hartzell, 1992). A dense array in Sunnyvale 

also recorded several aftershocks and was used to study basin surface waves (Frankel et al., 

1991).
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Three-dimensional wave propagation modeling in the Santa Clara Valley is limited. 

Frankel and Vidale (1992), used a simple two-component velocity model (sediment and 

bedrock) based on water wells to propagate elastic waves through the valley for a magnitude 

4.4 aftershock of Loma Prieta. Recently, Antolik et al (1998) have done a 3D numerical 

simulation of the Loma Prieta mainshock using a more elaborate velocity model.

San Bernardino

Figure 11 shows the location of strong motion instruments in the San Bernardino 

Valley. These stations recorded the 1992, Mw 7.2 Landers earthquake and the 1991, Mw 

5.6 Sierra Madre earthquake among other smaller events. In addition, there is a recently 

completed 100m deep drill-hole at the San Bernardino Central Fire Station (34.1052, - 

117.2798) (Rogers et al., 1998). This hole is instrumented with both surface and down-hole 

broadband seismometers. Also, many aftershocks of the Landers and Big Bear earthquakes 

were recorded on three dense arrays deployed in the San Bernardino Valley (Frankel, 1994).

Three-dimensional waveform modeling in the San Bernardino Valley is more limited 

than in the Santa Clara Valley. Studies by Frankel (1993; 1994) used alluvium and base 

ment units and a depth to basement based on limited well information.

Future Work

Imaging

The relevant properties of alluvial basins must be well specified before their seismic re 

sponses can be accurately calculated. The properties include: 1) the geometry of the basin
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(the shape of the sediment/basement interface as well as structures within the sedimentary 

column), 2) the velocity structure, 3) attenuation, and 4) the location and orientation of 

significant faults. In other words, spatial seismic velocity changes are of particular inter 

est, whether at the basement interface or within the basin itself, that produce a significant 

modification of the wavefield. The most efficient and direct means of acquiring this infor 

mation is by active-source seismic reflection/refraction profiles. These experiments should 

be designed to maximize resolution in the upper 5 km of the crust or to the depth of 

the pre-Cenozoic basement. Both the Santa Clara and San Bernardino Valleys have very 

little data of this type. Consideration needs to be given to what field procedure is best to 

accomplish this goal, that is, reflection versus refraction, Vibroseis source versus explosion 

source, etc.

Inversion of gravity and magnetic data have also proved useful in defining basin geome 

try as well as the dip on faults. Langenheim et al (1997) modeled gravity and aeromagnetic 

data to help constrain the dip of the Monte Vista Fault on the western margin of the Santa 

Clara Valley. Efforts should be made to see that all available well information is included 

in these inversions to help constrain the solution.

In addition, shallow imaging of the top 30 to 100m is needed to accurately determine 

P- and S-wave velocities. These profiles are needed to calculate the local site response 

caused by shallow velocity variations and to distinguish shallow from deeper effects.

A typical finite-difference calculation to an upper frequency of I Hz may require a 

grid spacing of approximately 100m with physical properties specified at this interval. 

Resolution of large urban basins in 3D at this scale is not a practical objective. The



key to productive research will be the discovery of those structures that contribute most 

significantly to the observed ground motion, such as structures causing focusing or basin 

edge effects (Gao et a/., 1996; Hartzell et a/., 1997; Graves et a/., 1998), and to image them 

as well as possible.

Ground Motion

Ground motion measurements are vital for observing the response of an alluvial basin 

and for checking model predictions. At present, ground motion instrumentation in both 

the Santa Clara and San Bernardino Valleys is limited to a few widely spaced strong motion 

instruments. For the Santa Clara Valley there are a few additional aftershock recordings 

of the Loma Prieta earthquake. Data from many more free-field recording sites are needed 

with a spacing of approximately 1 km. The close spacing is required to resolve spatial 

differences caused by subsurface structures that have been observed in other sedimentary 

basins (Hartzell et a/., 1997). These instruments should be designed to record weak motions 

as well as strong motions to enable the recording of background seismicity (Mi,3.0). This 

flexibility will allow the instruments to be moved to new locations fairly frequently.

Modeling

The accuracy of 3D wave propagation codes needs to be checked by comparing the 

results of different algorithms. Existing 3D velocity models should be used to simulate 

both aftershock and mainshock data records to determine the weaknesses of these models. 

The velocity models can then be modified to produce better comparisons with the data.



These new models need to incorporate and be checked against new basin imaging data as 

it becomes available.

Improvements in 3D wave propagation codes are needed to make large problems more 

efficient and practical. Variable grid sizing would reduce the size of the problems by using 

larger grid spacing for regions with higher seismic velocities. Other improvements would 

include models with topography and codes designed to take advantage of multi-processor 

CPUs.
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Figure Captions

Figure 1. Contours of probability of exceeding the design criterion (0.4g) in a 30 year 

period for the Santa Clara Valley. The estimates are for rock sites.

Figure 2. Contours of probability of exceeding the design criterion (0.4g) in a 30 year 

period for the San Bernardino Valley. The estimates are for rock sites.

Figure 3. Distribution of water wells in and around the Santa Clara Valley used in the 

construction of the three-dimensional velocity model of the area. (Brocher et a/., 

1997).

Figure 4. Distribution of drill-holes, logged for P- and S-wave velocity, with depths of 30 to 

100m used to construct the three-dimensional velocity model of the area. (Brocher 

et a/., 1997).

Figure 5. Shot points (large solid circles) and receiver locations (small open circles) for 

seismic surveys in and around the Santa Clara Valley used to constrain the three- 

dimensional velocity model of the area. (Brocher et a/., 1997)

Figure 6. Depth to pre-Cenozoic basement for the Santa Clara Valley taken from the 

three-dimensional velocity model of the area (Brocher et al., 1997). Small open 

squares are gravity stations on basement outcrop. Small open triangles are wells 

and seismic control on depth to basement.
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Figure 7. Depth to pre-Cenozoic basement for the San Bernardino Valley from inversion 

of gravity measurements (Jachens, unpublished).

Figure 8. Sites with shallow P and S-wave velocity measurements to a depth of 30m base on 

seismic refraction (solid triangles). Pilot 650m long refraction line to map shape of 

alluvium/bedrock contact (solid square) (Robert Williams, personal communication, 

1998).

Figure 9. Distribution of triggered strong-ground motion instruments in and around the 

Santa Clara Valley for recent earthquakes.

Figure 10. Distribution of aftershock recorders for the Loma Prieta earthquake in and 

around the Santa Clara Valley. (Mueller and Glassmoyer, 1990).

Figure 11. Distribution of strong-ground motion instruments in the San Bernardino Valley. 

Solid triangles (USGS), open triangles (CDMG), gray triangle on San Andreas Fault 

(TerraScope).
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Triggered strong motion stations
+ 1979 Coyote Lake
x 1984 Morgan Hill

< 1989 Loma Prieta

Approx boundary Qal
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List of triggered stations may be incomplete

Not all triggered stations were digitized
Stations triggered in 1980 Livermore events not shown
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